VA. Intima modifier locus 2 controls endothelial cell activation and vascular permeability.
ALTERATIONS IN BLOOD FLOW result in vessel wall remodeling as a compensatory mechanism to maintain hemodynamic homeostasis (27, 29, 30, 38) , which presents as intima-media thickening (IMT) in humans (36) . Carotid IMT is a significant risk factor for cardiovascular disease including atherosclerosis, myocardial infarction, stroke, and peripheral vascular disease (2, 41) . In humans IMT is largely governed by genetic factors (6, 32, 37) . Empirical evidence using genome-wide association studies and quantitative trait locus (QTL) analyses showed that subclinical cardiovascular disease has a significant genetic component and that IMT is a highly predictive clinical measurement (6, 32, 37) . Intimal thickening is governed by genetic susceptibility as demonstrated by animal models (16, 28, 39, 53) . We identified three QTLs for intimal thickening in a cross of C3HeB/FeJ (C3H/F) and SJL/J (SJL) mice. These intima modifier (Im) loci are on chromosomes (chrs) 2, 11, and 18, termed Im1, Im2, and Im3, respectively (28) . We utilized this genetic cross and found a QTL for carotid inflammation on chr11 that overlaps with the Im2 locus (42) . We created several congenic mouse lines for the Im2 locus and showed that C3H/F.SJL.11.1 mice exhibited leukocyte (CD45 ϩ ) infiltration into the vascular wall similar to SJL mice in response to low blood flow (42) . Inflammation associated with intimal thickening can be a result of either alterations in circulating immune cells or dysfunction in endothelial cells (EC). We reported that SJL mice have dysfunction in endothelium-dependent aortic vasorelaxation compared with C3H/F (8), while others found more circulating white blood cells (WBC) in SJL compared with C3H/F (26) . In the current study we investigated whether the increased inflammation in the Im2 locus was due to variations in circulating cells or if the CD45 ϩ trait was a result of increased inflammation in resident vascular wall cells.
MATERIALS AND METHODS

Animals
For all in vivo experiments male mice were 8 -12 wk of age. Mice were anesthetized with a mixture of ketamine (130 mg/kg), xylazine (8.8 mg/kg), and saline or isoflurane. The University of Rochester Animal Care Committee approved all animal procedures, which were conducted according to guidelines of the National Institutes of Health and American Heart Association for the Use of Laboratory Animals.
Congenic Single Nucleotide Polymorphism Mapping
Introgression of the chr11 Im2 locus from SJL into the C3H/F background to create C3H/F.SJL.11.1 congenic mice was previously published (42) . We further genotyped mice by whole genome analysis using Jackson Laboratory Mouse Diversity Panel and single nucleotide polymorphism (SNP) genotyping on an Affymetrix Platform. There were 103,761 polymorphic SNPs between SJL and C3H/F. There is a polymorphic SNP between the strains at every ϳ5 kb. This provides a 10,000-fold greater resolution of the locus compared with our previously published analysis using microsatellite markers, which spans ϳ50 Mb per marker (28) .
Complete Blood Counts
Mice were anesthetized, and blood was drawn via retro-orbital eye bleeds with heparinized capillary tubes. Blood was collected in EDTA tubes, and hematological parameters were measured (16 parameters in total) using a fully automated five-part differential cell counter (VetScan HM5, Abaxis).
Western Blotting for Vascular Cell Adhesion Molecule-1
Mice were anesthetized and perfused with heparinized saline. Aortas were cleaned of fat and snap-frozen in liquid nitrogen. Tissues were sonicated on ice in cell lysis buffer (1ϫ, Cell Signaling) with protease inhibitor (1:1,000, Sigma) for 3-5 s bursts three times. Homogenates were centrifuged at 12,000 rpm for 10 min at 4°C. Bradford protein assay (Bio-Rad) was performed, and equal amounts of protein were separated on 8% sodium dodecyl sulfate gels. Proteins were transferred to nitrocellulose membrane and blocked in 5% milk-phosphate buffered saline (PBS) for 1 h at room temperature followed by overnight incubation in 2% BSA/PBS/Tween containing vascular cell adhesion molecule-1 (VCAM-1) (1:1,000, H-276, Santa Cruz Biotechnology) and glyceraldehyde phosphate dehydrogenase (1:1,000, Cell Signaling). Blots were washed in PBS/Tween and incubated with secondary horseradish peroxidase-conjugated rabbit antibodies for 2 h at room temperature. Protein was visualized by enhanced chemiluminescence.
En Face VCAM-1 and Cell Size Staining and Quantification
Mice were anesthetized and perfusion fixed with heparinized saline and then with 10% neutral buffered formalin (NBF) to preserve vessel morphology. An incision was made ventrally, and the aorta was removed postfixation and allowed to continue to fix in 10% NBF overnight. After adipose tissue was removed, aortas were cut longitudinally and permeabilized with PBS containing 0.1% Triton X-100 and blocked by Tris-buffered saline containing 10% goat serum and 2.5% Tween 20 for 30 min. Aortas were incubated with 10 g/ml rabbit anti-VCAM-1 (H-276, Santa Cruz Biotechnology). Rabbit IgG as a control and either 10 g/ml rat anti-CD31 or 5 g/ml of anti-CD144 (both EC membrane markers, BD Biosciences) were used in the blocking solution overnight at 4°C. After PBS wash, anti-rabbit IgG and anti-rat IgG (1:1,000 dilution, Alexa Fluor 546 and 488, respectively; Invitrogen) were applied for 1 h at room temperature.
Images were acquired under a confocal laser-scanning microscope (Fluoview 300, Olympus) equipped with krypton-argon-HeNe laser lines and 20 ϫ 0.70 numerical aperture (NA), ϫ40 1.0 NA, and ϫ60 1.4 NA objectives. Images in figures were captured with the ϫ40 objective. For quantification, 10 -15 optical sections were collected at 0.3-0.5 m increments so that Z stacks of ϳ4 m thick cell blocks from the luminal surface were obtained. Images were collected with the same confocal settings. A maximum intensity Z projection was made. The channels were then split and analyzed in the following manner.
VCAM-1. Images from areas of the aorta exposed to steady flow were thresholded, and an average threshold was calculated as previously published (7). This average threshold was then applied to all images, and a binarized "mask" created for each image. This mask was multiplied by the original image to remove areas below threshold, and the intensity of areas above threshold only was calculated and recorded. Furthermore, as the mask corresponds to the total VCAM-1-positive (above threshold) area in the image, this value was also recorded.
CD31 (cell size). An existing ImageJ program used to quantify vascular networks (http://rsb.info.nih.gov/) was modified. In brief, the program segments the plasma membrane fluorescent image, resulting in a binary image. This binary image is then reduced to the minimal structural level (skeletonization). Areas inside closed loops (continuous cell membrane) of this skeletonized network (areas corresponding to the interior of cells) are calculated.
Miles Assay for Vascular Permeability
Mice were anesthetized and injected with 100 l of 1% Evans blue dye (Sigma) via tail vein. After 30 min, mice were perfused with heparinized saline followed by 10% NBF for 5 min. Aortas were immediately harvested, placed in 10% NBF, dried, and weighed. Evans blue dye was extracted from the aortas by placing the vessels in 200 l formamide (Amresco) at 55°C for 24 h. Samples were centrifuged at 12,000 rpm for 10 min. Optical density (OD) was obtained with a FLUOstar OPTIMA (BMG Labtech) plate reader at 620 nm. Sample ODs were extrapolated to a linearized standard and converted to mg/l and normalized to weight of the dried aorta. 
RNA Sequencing
Mice were saline perfused, and carotid arteries were harvested and cleaned of all connective tissue with sterile autoclaved instruments. Left and right carotids from each animal were pooled together and placed into RNase-free tubes and immediately snap-frozen in liquid nitrogen and kept on dry ice until RNA isolation was performed. RNA isolation and sequencing (RNA-Seq) was performed by the Genomics Research Center (GRC) at the University of Rochester Medical Center. Total RNA was isolated using the RNeasy Plus Kit (Qiagen, Valencia, CA) per manufacturer's recommendations. Residual genomic DNA was removed from purified RNA with TURBO DNASE (Life Technologies, Grand Island, NY). In brief, total RNA was diluted in 1ϫ TURBO DNase buffer along with 1 l of the TURBO DNase enzyme in a final volume of 50 l. The reaction was incubated at 37°C for 30 min followed by DNase inactivation with addition of 0.1 l volume of DNase inactivation reagent. The inactivation was carried out for 5 min at room temperature (22-26°C). Total RNA quantity was determined with the NanoDrop 1000 spectrophotometer (NanoDrop, Wilmington, DE), and RNA quality was assessed with the Agilent Bioanalyzer (Agilent, Santa Clara, CA). Illumina compatible library construction was performed using the TruSeq Stranded mRNA Sample Preparation Kit (Illumina, San Diego, CA) per manufacturer's protocols. In brief, mRNA was purified from 100 ng total RNA with oligo-dT magnetic beads and chemically fragmented. First-stand cDNA synthesis was performed by random hexamer priming followed by second-strand cDNA synthesis with dUTP. End repair and 3= adenylation were performed on the double-stranded cDNA. Illumina adaptors were ligated to both ends of the cDNA, purified by gel electrophoresis, and amplified with PCR primers specific to the adaptor sequences to generate amplicons of ϳ200 -500 bp in size. The amplified libraries were hybridized to the Illumina single end flow cell and amplified using the cBot (Illumina) at a concentration of 8 pM per lane. Single end reads of 100 nucleotides were generated for each sample and aligned to the organism-specific reference genome.
Differential Expression Analysis
Sequenced reads were cleaned according to a rigorous preprocessing workflow: Trimmomatic-0.32 (http://www.usadellab.org/cms/?pageϭ trimmomatic). The Trimmomatic parameters used were SLIDING-WINDOW:4:20 TRAILING:13 LEADING:13 ILLUMINACLIP: trimmomatic_adapters.fasta:2:30:10 MINLEN:25. We then mapped reads to the Mus musculus reference genome with SHRiMP2.2.3 (http://compbio.cs.toronto.edu/shrimp) followed by analysis using software cufflinks2.0.2 [cuffdiff2 -Running Cuffdiff (http://cufflinks. cbcb.umd.edu/manual.html#cuffdiff)] to perform differential expression analysis with an false discovery rate (FDR) cutoff of 0.05 (95% confidence interval and additional parameters =-u -b=). A Perl script was used after differential expression analysis to make the result files more human readable. We selected differentially expressed genes based genomic position between the following groups: C3H/ F.SJL.11.1 Im2 locus vs. C3H/F and C3H/F.SJL.11.1 outside the locus vs. C3H/F. Two group Student's t-test was used for this analysis. Benjamini-Hochberg procedure (4) was used to control the FDR at 0.05 level.
Gene Ontology Pathway Analysis
To identify how genes within the Im2 locus affect biological pathways we performed Gene Ontology (GO) analyses on the differentially expressed genes identified with RNA-Seq from C3H/ F.SJL.11.1 and C3H/F. In the differential expression analysis we identified 65 differentially expressed genes for the comparison between C3H/F.SJL.11.1 and C3H/F out of 1,746 genes on chr11. We performed GO pathway analysis to better understand the collective effect of these differentially expressed genes. The hyperGTest function from the BioConductor package GOstats (14) was used to find GO categories that are significantly overrepresented in these differentially expressed genes compared with all genes on chr11. The significance level used in this analysis was P value Ͻ 0.001.
Statistical Analysis
Data are presented as means Ϯ SE. Statistical analysis for en face quantification was done as described above. We used JMP5.1.2 software for evaluation of statistically significant changes. Differences between groups were analyzed by one-way ANOVA. We followed up on these analyses with post hoc comparisons of all means. The level of P Ͻ 0.05 was regarded as significant.
RESULTS
Whole Gnome SNP Mapping of C3H/F.SJL.11.1 Congenic Line
We previously published that the Im2 locus on chr11 regulates inflammation in response to low blood flow (42) . We generated the C3H/F.SJL.11.1 congenic with conventional microsatellite marker-assisted genotyping (42) . In the current study we performed whole genome dense SNP genotyping at Jackson Laboratories to confidently assure introgression of the Im2 locus from SJL into the C3H/F background. Figure 1 confirms that the C3H/F.SJL.11.1 congenic mouse line only contains genetic material from SJL within the Im2 region. Increased peak height indicates SJL (donor) SNP detection along the chrs (x-axes). There are no detectable peaks above background (C3H/F, recipient) for the Im1 locus on chr2 (Fig.  1A) . However, as expected there are increased peaks along chr11 only between 17 and 63 Mb, which covers the Im2 locus (Fig. 1B) . Along chr18 (Im3) there are no detectable donor SNPs above background (Fig. 1C) . We also confirmed that there are no other SJL genomic regions introgressed throughout the C3H/F genome (data not shown). In summary, we confirmed the purity of our C3H/F.SJL.11.1 congenic and can, with confidence, deduce that any observed phenotypic differences in the C3H/F.SJL.11.1 mouse relative to C3H/F are due solely to the SJL contribution of the chr11 Im2 locus.
Im2 Locus Does Not Affect Levels of Circulating Immune Cells
We demonstrated that the Im2 locus controls leukocyte (CD45 ϩ )-mediated inflammation (42) . However, significant variation in WBC was also found between SJL and C3H/F mouse strains (26) . To determine if the strain-dependent increased inflammation was due to variances in circulating cell profiles or vascular wall cells we measured complete blood counts in SJL, C3H/F, and C3H/F.SJL.11.1 mice. SJL mice were equally different compared with C3H/F and C3H/ F.SJL.11.1 in total WBC (Table 1 ). There were no significant differences between C3H/F and C3H/F.SJL.11.1 in all measured counts. Therefore, the presence of inflammatory cells in the vascular wall in the C3H/F.SJL.11.1 mice must be due to resident vascular cells promoting inflammation.
Activation of EC Inflammation Is Increased in Im2 Congenic Mice
SJL mice exhibited dysfunction in endothelium-dependent vasorelaxation of aortic rings compared with C3H/F (8). Since there were no changes in circulating monocytes between SJL, C3H/F, and C3H/F.SJL.11.1 mice, we next wanted to investi- gate EC-mediated inflammation. We isolated aortas from SJL, C3H/F, and C3H/F.SJL.11.1 mice and measured basal levels of VCAM-1 (Fig. 2) . Total VCAM-1 protein expression was dramatically increased in SJL and C3H/F.SJL.11.1 aortas relative to C3H/F (Fig. 2A) . To determine if aortic EC were activated we performed VCAM-1 en face immunostaining. It is well established that endothelial inflammation varies in response to blood flow patterns in the aortic arch (50) and that there is a genetic component to this pattern (24) . Figure 2B depicts the areas of the aorta that were stained for VCAM-1. We imaged areas of steady flow (S-flow, greater curvature) and disturbed flow (D-flow, lesser curvature). Consistent with the total aortic VCAM-1 expression there was significantly more VCAM-1 expression in SJL and C3H/F.SJL.11.1 compared with C3H/F in regions of S-flow. Although it did not reach statistical significance, there was also a slightly higher level of VCAM-1 expression in D-flow in SJL and C3H/F.SJL.11 compared with C3H/F (Fig. 2, C and D) . Interestingly, in D-flow areas there was qualitatively greater redistribution of VCAM-1 expression from the nucleus to the membrane in SJL and C3H/F.SJL.11.1 compared with C3H/F (Fig. 2C) . These findings indicate a concomitant activation of inflammation with increased VCAM-1 expression in endothelium, which is largely controlled by the Im2 locus.
EC Size Is Decreased in SJL and C3H/F.SJL.11.1 Congenic Mice
It has been shown that changes in blood flow patterns affect EC morphology (49) . We measured differences in aortic EC size between SJL, C3H/F, and C3H/F.SJL.11.1 mice. Aortas were immunostained for CD31 and CD144 to outline EC membranes (Fig. 3) . We observed no differences in EC size between the mouse strains in regions of S-flow (Fig. 3, A and  B) . However, in regions of D-flow SJL and C3H/F.SJL.11.1 EC size was significantly decreased compared with C3H/F mice (Fig. 3, A and B) . Thus, the Im2 locus determines EC size in areas of D-flow in addition to increased EC activation.
Vascular Permeability Is Elevated in SJL and C3H/F.SJL.11.1 Congenic Mice
Our current findings showing increased VCAM-1 and decreased EC area in SJL and C3H/F.SJL.11.1 compared with C3H/F might explain increased vascular inflammation (42) . It is possible that these factors lead to increased EC permeability, which would allow for enhanced extravasation of inflammatory cells. We measured permeability by injecting Evans blue dye via tail vein in the studied mouse strains (Fig. 4) . Evans blue binds to circulating albumin, and therefore wherever albumin permeates into a tissue it will be detected by blue coloration (17, 20) . There was globally greater permeability in SJL and C3H/F.SJL.11.1 mice compared with C3H/F as demonstrated by qualitatively increased blue tissue coloration upon dissection (Fig. 4A, insets) . As evident by footpad coloration, SJL mice showed signs of increased permeability within ϳ5 min of Evans blue dye injection (not shown). Upon dissection all internal organs were saturated with the blue dye (Fig. 4A, left  panel inset) . C3H/F mice exhibited little to no blue tissue coloration (Fig. 4A, middle panel inset) . Similar to SJL, the C3H/F.SJL.11.1 mice exhibited increased permeability with greater blue coloration of the footpads soon after injection (ϳ10 min, not shown) and greater penetrance of the dye into tissues (Fig. 4A, right panel inset) . To quantify vascular permeability we harvested aortas and extracted the Evans blue dye. SJL had significantly greater OD measurements per dry weight of aorta compared with C3H/F (Fig. 4B) . The C3H/ F.SJL.11.1 mice exhibited some variance between animals. However, permeability in C3H/F.SJL.11.1 mice was comparable to SJL and significantly increased compared with C3H/F. The data indicate that the Im2 locus regulates vascular permeability.
RNA-Seq and GO Pathway Analyses
To identify genes within the Im2 locus that cause inflammation and EC dysfunction we performed RNA-Seq on mouse carotid arteries from C3H/F.SJL.11.1. We found 22 genes within the Im2 locus that were significantly different compared with C3H/F: 20 genes had increased expression, and two genes had decreased expression (Fig. 5A) . However, more genes were upregulated in C3H/F.SJL.11.1 compared with C3H/F outside the Im2 locus on chr11 (Fig. 5B) . We used GO pathway analysis to bin the differentially expressed genes. Immunological categories differed between C3H/F.SJL.11.1 and C3H/F among biological processes in GO terms (Table 2) . Importantly, most of the differentially regulated pathways involved genes outside of the Im2 locus except gas/oxygen transport ( Table 2) . Several GO cellular component terms were affected by the locus in the C3H/F.SJL.11.1 congenics (Table 3) . However, only one gene, obscurin (OBSCN), in the Im2 locus was found in this term. Thus, introgression of the Im2 locus affected a limited number of genes involved in immunological processes and cellular component terms, while a majority of 
DISCUSSION
The main finding of this study is that the Im2 locus on mouse chr11 increases vascular inflammation via permeability and endothelial cell activation. We reported that the Im2 locus regulates leukocyte infiltration in mouse carotids in response to low blood flow (42) . In the present study we expand our findings by demonstrating four important results regarding the Im2 locus: 1) The purity of our congenic mouse was confirmed by dense SNP mapping; 2) The inflammatory phenotype is attributed to EC activation and not to the changes in circulating immune cells; 3) There is increased vascular permeability related to EC activation and changes in EC morphology; 4) RNA-Seq on the Im2 congenic pinpoints candidate genes in pathways that regulate immune processes and cellular components. Thus, our findings in congenic mice signify the importance of resident vascular wall cells vs. circulating blood cells in intima formation. The latter suggest more complex than expected interpretation of the contribution of the circulating cells in human genetic studies on vascular inflammation traits.
Traditional congenic studies use marker-assisted selection, originally proposed by Lande and Thompson (31) . This conventional approach for congenic strain development follows the average proportion of heterozygous donor-recipient genome that is eliminated with each round of breeding and predicts that after 10 generations of backcrossing one should obtain a strain carrying 99.9% of the recipient genome (15, 34) . We used a modified breeding scheme, termed speed congenics, where we choose the best male breeder from each generation and backcross to the same female for five generations (42) . By calculations discussed in Markel et al. (34) this strategy yields a homozygous recipient strain. We developed the C3H/ F.SJL.11.1 mouse by conventional microsatellite marker-assisted genotyping using this speed congenic method (1, 34, 42) . However, given the sparse mapping available with this approach (every ϳ50 Mb) we wanted to confirm that the C3H/ F.SJL.11.1 congenic genome was not contaminated with SJL material other than on chr11. By performing dense SNP sequencing we finely genotyped the C3H/F.SJL.11.1 genome at every ϳ5 kb and confirmed that the Im2 locus was the only SJL genome introgressed into the C3H/F background. This method of congenic confirmation is not commonly reported in the literature, but since the likelihood of unintended genomic contamination cannot be easily detected with microsatellite (or less dense SNP) mapping, it is a necessary endpoint to confirm congenic purity. Thus, by verifying chr11 congenic purity we can confidently make additional conclusions regarding Im2 regulation of inflammation. We hypothesized that the Im2 locus mediates inflammation via either changes in circulating immune cells or endothelial dysfunction. In our previous study we had not determined what mediated CD45
ϩ cell infiltration in the carotid wall. A previous study by Kile et al. (26) showed strain-dependent differences in circulating immune cells. Consistent with this study we show a significant increase in WBC and lymphocytes in SJL compared with C3H/F. However, we found no detectable differences in circulating immune cell profiles between C3H/F and C3H/F.SJL.11.1 congenic mice. Contribution of the bloodderived cells to vascular remodeling has now proven rather weak (12, 23) . Major pitfalls were related to extend of the vascular injury and detection methods (21, 22) . Our data indicate that the Im2 locus does not control circulating immune cell populations but rather vascular wall activation and presumably inflammation. Findings in C3H/F.SJL.11.1 congenics further support a central role for the vascular wall in intima formation in response to injury.
The endothelium is the primary sensor of changes in blood flow patterns. Inflammatory cell adherence and extravasation is the result of monocyte binding to the endothelium (10, 51) . It is well known that increased expression of VCAM-1 is a marker of inflammation, which correlates with increased EC attraction of monocytes (3, 13) . It is also known that changes in VCAM-1 expression are regulated by flow patterns (35, 47, 48, 52) . Under S-flow conditions inflammation and VCAM-1 expression are typically low, but under D-flow VCAM-1 expression increases (19, 46, 51) . Interestingly, we found that VCAM-1 expression in ECs is significantly elevated in SJL and C3H/F.SJL.11.1 aortas compared with C3H/F under Sflow, where it should normally be low. These new findings could explain our previous report on dysfunction in endothelium-dependent vasorelaxation in SJL vs. C3H/F mice (8) . Others have shown that 129P3 and 129X1/Sv strains have impaired acetylcholine-dependent vasorelaxation (40) . Interestingly, the apolipoprotein E-null mutation (ApoE Ϫ/Ϫ ) on the 129 background resulted in significantly different aortic arch geometry and progression of atherosclerosis compared with ApoE Ϫ/Ϫ on the C57BL/6 background (33). A genetic cross between ApoE Ϫ/Ϫ on 129 and C57BL/6 backgrounds identified several QTLs for curvature of the aortic arch and atherosclerosis (45) . Even though none of these loci overlapped with the Im2 locus, more recent data suggest that arch geometry and local hemodynamics are critical for atherosclerotic plaque formation and determined by 129 background in ApoE Ϫ/Ϫ mice (45, 54) . It is possible that both SJL and 129 backgrounds contribute to endothelial dysfunction via different intermediate phenotypes. Thus, the Im2 locus from SJL promotes an inflammatory environment in the endothelium even in homeostatic conditions. Presumably, this altered homeostasis primes the response to pathogenic blood flow conditions (D-flow) and inflammatory stimuli.
In addition to changes in inflammatory cell adhesion markers, changes in EC morphology are also important factors mediating an inflammatory response. Alterations in EC structure and alignment occur in response to multiple stimuli including vascular endothelial growth factor (9, 18, 43) and G protein coupled receptor agonists (44) . However, changes in blood flow can also induce EC structural alterations (49) . When exposed to D-flow, EC round up and change cell size and volume (11, 25) . Experiments in cultured bovine aortic EC showed changes in permeability that were attributed to changes in EC shape and attachment to the basement membrane and extracellular matrix (25) . We found decreased EC size in response to D-flow and a dramatic increase in vascular permeability in SJL and C3H/ F.SJL.11.1 compared with C3H/F. Since permeability is affected by both flow patterns and EC morphology we conclude that the increased leukocyte infiltration in the SJL and C3H/F.SJL.11.1 aortas is likely regulated by genes within the Im2 locus. Using RNA-Seq we identified some candidate genes that may explain the increased permeability in the context of EC morphological changes. Of the annotated genes that had significantly higher expression in the Im2 locus there are a couple that are likely candidates to affect endothelial dysfunction. The GO biological pathway analysis for immune system process identified immunityrelated GTPase family, M member 1 (IRGM1). This gene has been shown to have proinflammatory properties that disrupt the blood-brain barrier and increase permeability to lymphocytes (49) . OBSCN was the most differentially expressed gene compared with C3H/F. OBSCN is a cytoskeletal protein, which was identified in all GO cellular component categories. Although OBSCN has not been described in EC function, it has been shown to play a role in adaptive remodeling of myofibrils in cases of hypertrophic cell growth in response to aortic constriction (5). Presumably, these candidate genes can induce changes in vascular cells and alterations in the structural matrix of the vascular wall that will result in altered shape and behavior of the endothelium. However, we also very clearly show that genes outside the Im2 locus on chr11 are also important for immune activation and structural homeostasis. The interaction of these gene networks likely work to promote EC dysfunction. It will be interesting to explore the potential role of these genes in future studies, because genes that regulate vascular wall structural integrity and modulate EC function are potential therapeutic targets for managing inflammation and vessel wall pathology. In summary, we developed a pure Im2 congenic mouse, which is a valuable tool with which to study vascular inflammation. We now have new insight into the mechanism by which Im2 promotes leukocyte infiltration in response to changes in blood flow. We demonstrated that this locus does not affect immune cell profiles but does control EC morphology and vascular permeability. Our data strongly suggest that EC size changes may alter vascular wall structural integrity, allowing areas of enhanced permeability. Our RNA-Seq and GO analyses point to candidate genes and pathways that may regulate vascular inflammation. Our findings suggest that human genetic studies on vascular inflammation should be carefully evaluated and not too centrally focused on the effect of circulating immune cells in vascular inflammation.
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